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substrates22•23, although there are still some remaining challenges with this step. Finally, 
processes have been developed to fabricate devices with this single atomic layer 
material24. 
The operational principle of most ofthe graphene sensors demonstrated so far is 
very similar to that of solid state sensors. As gas molecules adsorb onto graphene's 
surface, they act as either electron donors or acceptors, inducing a local change in the 
electrical conductivity in graphene1•9. This effect is very pronounced in graphene due to 
the combination of some excellent properties, namely, high surface area, high electrical 
conductivity, and inherently low noise, making it possible to detect the smallest of 
changes in resistance. Atomic oxygen, on the other hand, can react with carbon atoms of 
graphene to form epoxide and carboxylic groups, and change the sp2 hybridization into 
sp3 in the process, giving rise to the possibility of even greater sensitivity. The 
conductivity of graphene has been demonstrated to decrease significantly, up to a few 
orders of magnitude, as graphene oxidizes, with the conductivity as well as optical 
transparency depending strongly on the level of oxidation25• Furthermore, single layer 
graphene has been shown to be more reactive with oxygen species, thus increasing the 
sensitivity further, than multilayer graphene26. 
Atomic oxygen (AO) usually forms in the thermosphere when molecular oxygen 
dissociates upon exposure to solar ultraviolet radiation. Since the vertical density 
distributions of gases in the ionosphere are determined by the free molecular flow, they 
usually stratify according to their molecular mass and AO predominates in the altitude 
range of200-650 km27• The AO densitY distribution varies widely with the level of 
solar irradiation, and thus the latitude, longitude, local time, season and the solar cycle. 
Thermospheric models can somewhat predict the AO concentrations and fluxes; 
however, such predictions often have as large an error as 25% or higher27• Improved 
data on the AO concentrations and fluxes can have significant impact not only in the 
understanding of the physics and chemistry of the upper atmosphere, but also in the 
design of commercial, military, and scientific spacecrafts. This article discusses how the 
novel graphene chemical sensors can be used for in situ measurements of AO 
concentration and the impact this technology may have on a number ofheliophysics and 
space applications. 
Experimental Details 
Large area graphene was synthesized on 3 "x3" Copper foils (25 urn thick) by Low 
Pressure Chemical Vapor Deposition (LPCVD). Copper foils·were pretreated in dilute 
nitric acid and flatly placed in a 3" diameter tube. Growth was carried out at 1 000°C and 
1 Torr for 40 minutes under the flow of hydrogen and argon with methane as the carbon 
source. After growth was complete, the tube was quickly cooled down by flowing cold 
nitrogen gas at the center of the tube and flowing air at the two ends of the tube. 2"xl" 
graphene-on-copper pieces were cut out and were transferred onto silicon wafers with a 
300 nm of thermally grown oxide film. A 250-nm thick poly(methylmethacrylate) 
(PMMA) layer was spun on graphene on the frontside of the copper foil and graphene 
on the backside of the foil was removed with oxygen plasma. The exposed side of the 
copper foil was then floated on iron chloride solution in order to etch copper. After that, 
PMMA coated graphene was rinsed in deionized water a few times, followed by a rinse 
in 10% hydrochloric acid to remove any adsorbed ions of iron chloride. After properly 
rinsing the film in deionized water a second time, graphene was transferred onto a 
silicon substrate and PMMA was removed by annealing in the vacuum oven at 350°C 
for 2 hours while flowing hydrogen and argon. 
Raman mapping was performed to characterize the quality and the number of 
layers of the synthesized graphene. An automated confocal Raman Microscope (Horiba 
Yvon LabRam ARAMIS) was used with a 532 nm laser and a swift detector. The spot 
size of the system was 400 nm. 
Arrays of graphene sensors were fabricated on silicon wafers with a 300-nm 
thermal oxide layer by photolithography. First, a 4-nm titanium and 20-nm gold layer 
were deposited as the contacts withe-beam evaporation using a lift-off process. Next, 
graphene is transferred on the wafer as described above and a thin PMMA layer was 
spun to protect graphene from any contamination due to resist or solvents. Next, a 
positive photoresist (Shipley 1827) was used to pattern graphene and oxygen plasma 
was used to etch through both PMMA and graphene. Finally, a thick layer of gold was 
deposited for the contact pads with e-beam evaporation using a shadow mask: The gold 
pads were fmally wirebonded to a homemade chip carrier on pyrex wafers. 
Results and Discussion 
Microscopy and spectroscopy data demonstrated that the synthesized large area 
graphene is of high quality and with low defect density. Figure 1" a presents an optical 
microscopy.image of a 2"x1" graphene piece transferred to a silicon substrate. Figure 1 
b shows the Raman spectrum of a random spot on the sample. The number of layers in a 
graphene sample can be determined from the intensity of its characteristic peaks: G and 
2D peak. Also, the quality of synthesized graphene can be quantified with the D peak, 
representing the defect density. The ratio of the 2-D peak intensity and the G peak 
intensity of graphene synthesized in our lab was greater than 3, and the Full Width at 
HalfMaximum (FWHM) ofthe 2-D peak was in the range of35 and 40. Both ofthese 
features are characteristic of single layer graphene28. In addition, the low intensity of the 
D peak implies minimal defect density. Figure 1 c presents Raman mapping data over a 
20~-tm x 20~-tm area of the graphene sample. It plots the intensity ratio of the two 
characteristic peaks of graphene, namely 2-D and G peak, as a function of the x- andy-
coordinate. The plot shows that the intensity ratio is quite uniform over tens of microns 
and the entire area is mostly single layer. 
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Figure 1. a) Optical microscopy image of large area graphene on a silicon dioxide 
substrate (5 micron bar); b) Single spot Raman Spectrum of the synthesized graphene 
demonstrating single layer and low defects. C) Intensity ratio of2-D and G peak of a 
Raman map over a 20Jlmx20Jlm area demonstrating the uniformity of single layer 
coverage (2.5 micron bar). 
Sensors with varied widths and lengths of graphene ranging from 5Jlm to 500 
Jlm were designed. Each chip was configured to test multiple sensors simultaneously. 
Commercial temperature sensors were bonded on the chip and were hooked up to a 
temperature controller from Lakeshore. Figure 2a shows a typical chip layout. A 
homebuilt test setup is currently being used for characterizing the sensor array with test 
gases. The test setup includes a vacuum chamber connected to a Turbo pump, a 
computerized multi-component gas mixing and dilution system from Environics Inc. to 
deliver commercial gases, a Keithley Source Measure Unit (2400) for data collection 
and a Keithley Multiplexing Unit for simultaneous measurements of multiple sensing 
elements. Figure 2b presents a schematic of the test setup. On-chip heaters are used to 
desorb any species or contaminants from the chips and heating tapes are used to outgas 
the chamber before performing any tests. 
We are currently incorporating an atomic oxygen beam with our test setup in 
order to characterize device performance in the presence of atomic oxygen. The 
potential atomic oxygen detector could be used in series with Stark effect to make a 
powerful tool to separate and detect species. 
Graphene sensors can be used to measure the concentration of atomic oxygen, as 
well as other neutral species, without having to ionize them. This capability can have 
large impact on a variety of space applications. Firstly, the ability to determine neutral 
densities can prove an avenue to significantly resolve the density measurement 
uncertainty, which in tum can improve the density models used by NASA and DOD. 
Graphene sensors 
On-chip 
Heater 
Temperature 
Sensor 
b) 
Test Chamber 
Figure 2. a) Chemical sensor chip with an array often sensing elements~ b) Schematic 
of the test setup. 
Improved models can more accurately predict the damage and erosion of spacecracfts 
due to atomic oxygen, and assist in better designs for the spacecrafts. An array of 
graphene sensors can be used in neutral atom imaging missions such as Low Energy 
Neutral Atom (LENA). 
Spatiotemporally resolved concentrations of AO can be obtained with in situ 
measurements enabled by the sensitive graphene sensor arrays. Such measurements in 
the upper atmosphere at 400 km altitude can provide a description of the motion of the 
thermosphere and ionosphere due to extreme ultraviolet radiation as never before. 
Similarly, in situ measurements of AO in the auroral regions will potentially be able to 
continuously monitor the state of neutral atmosphere, as well as its response in time and 
space during auroral heating events. 
In addition, highly sensitive graphene sensors can provide a potential solution to 
a crucial Space Weather problem: the prediction of duration and location of 
Geomagnetically Induced Currents (GICs). The developed sensor arrays promise to 
provide instantaneous monitoring of the state of the upper atmosphere with sufficient 
detail for GIC prediction . 
. Furthermore, a network of graphene chemical sensors will be suitable for a wide 
range of mission architectures in Planetary Sciences, both atmospheric probes and 
landed missions. The Planetary Science Decadal Survey names Titan/Saturn System · 
Mission, Neptune Orbiter and Probe, and Mars Sample Return as high priority 
missions29; the versatility of graphene sensors with respect to operating conditions and 
ability to customize and select gases of interest makes them competitive for a broad 
range of missions. Graphene sensors can detect gases that can help fingerprint various 
biological and geochemical processes on other planetary bodies such as outer planets, 
moons and asteroids. A network of these cheap, tiny sensors deployed on the surface of 
a planetary body can make simultaneous measurements in many locations, which can be 
used to construct a map of surface composition. This is in contrast to the current 
scenario where measurements are performed at one location at a time, and hence only a 
limited number of measurements can made over the lifetime of the mission. 
Conclusion 
Graphene chemical sensors have been explored for a variety of applications in the 
recent past, including homeland security, monitoring hazardous gases in chemical 
industry and labs for safety, and monitoring environmental pollutants for public health. 
However, one of the most significant contributions of graphene chemical sensors may 
be in space science. In fact, these compact and miniaturized sensor platforms can realize 
the concept ofFemto-Sats, which can potentially enable many new science missions in 
Heliophysics, Earth Science, and Planetary Science. The ability of these low mass, low 
power sensors to detect neutral species without having to ionize them makes them 
extremely attractive for many space applications, including atomospheric probes for 
planetary bodies; neutral atom imaging missions; resolving the density measurement 
uncertainty in the ionosphere through the measurement of atomic oxygen concentration; 
imaging the motion of thermosphere and ionosphere; and predicting geomagnetically 
induced currents. 
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